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By performing a joint theoretical and experimental investigation on the high-order above-threshold
ionization (HATI) spectrum, the dominant role of the 3rd-return-recollision trajectories in the region
near the cutoff due to the ionic Coulomb field is identified. This invalidates the key assumption
adopted in the conventional laser-induced electron diffraction (LIED) approach that the 1st-return-
recollision trajectories dominate the spectrum according to strong field approximation (SFA). Our
results show that the incident (return) electron beams produced by the 1st and 3rd returns possess
distinct characteristics of beam energy, beam diameter and temporal evolution law due to the
influence of Coulomb field, and therefore the extracted results in the LIED will be altered if the
significance of the 3rd-return-recollision trajectories is properly considered in the analysis. Such
Coulomb field effect should be taken into account in all kinds of laser-induced imaging schemes
based on recollision.
PACS numbers: 33.80.Rv
As one of the most important processes in strong field
physics, recollision has provided an unprecedented in-
sight into the inner working of atoms and molecules [1,
2]. In recollision picture, one electron is liberated
from the target atom or molecule through tunneling
ionization and then be accelerated in the field and
pulled back by the field to collide with the parent ion.
Most intriguing phenomena in strong field physics, such
as high-order above-threshold ionization(HATI), high
harmonics generation(HHG) and nonsequential double-
ionization(NSDI), can be well understood based on the
recollsion physics (see, e.g., [3–6] for reviews and refer-
ences therein).
Since the products upon recollision carry information
of the parent ion, they can be used to probe the structure
of the parent ion. Various methods have been proposed
to image molecules in intense laser fields based on the
analysis of different products upon recollision, such as
laser-induced electron diffraction (LIED) [7–12], molecu-
lar clock[13–16], tomographic imaging of orbitals [17, 18]
and laser-induced inelastic diffraction (LIID) [19]. Since
these methods are self-imaging approaches based on co-
herent electron scattering, they can provide an unprece-
dented spatial-temporal resolution. In general, as long as
the imaging method is based on electron scattering, the
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resolution of extracted results will depend upon the pa-
rameters of the incident electron beam, such as the beam
energy, the beam diameter and the temporal evolution
of the beam. Unlike the conventional electron diffraction
(CED) method in which the information of the incident
electron beam is well known, the incident (return) elec-
tron beam in the self-imaging method is produced by the
laser-induced ionization of the target itself and its infor-
mation is much more complicated. In LIED, for example,
the temporal resolution relies on the knowledge of the
temporal evolution of the beam, and more specifically,
deconvolution of the exact recollision time. In the recol-
lision process, however, the electron may miss the parent
ion at the 1st return but collide with it at the subse-
quent returns as illustrated in Fig. 1 (a), which results
in a large uncertainty in the recollision time. To compli-
cate matters further, the incident energy and the impact
parameter for different returns vary. In LIED, the afore-
mentioned complexity is largely ignored by applying the
strong field approximation (SFA) wherein the Coulomb
interaction between the parent ion and the freed elec-
tron is ignored. According to SFA, the maximal kinetic
energy at collision for 1st-return-recollision trajectories
is much higher than that for multiple-return-recollision
trajectories. Thus, the high energy part of the pho-
toelectron momentum distribution selected for analysis
in LIED is assumed to be produced mostly by the 1st-
return-recollision trajectories. Furthermore, due to the
spread of the electron wavepacket, the probability of the
multiple-return-recollision trajectories is much smaller.
2Nevertheless, more and more studies have shown that
the Coulomb field plays an important role in the ioniza-
tion dynamics of atoms and molecules in intense laser
fields[20–25]. Specially, the Coulomb focusing effect will
significantly improve the contribution of the multiple-
return-recollision trajectories [26, 27] and in some cases
it will even exceed that of the 1st return [15, 28, 29]
in inelastic recollision process. Therefore, the basic as-
sumption on the incident electron beam in the ultrafast
imaging method may be in question, and, the impact of
the Coulomb field on the imaging results has to be care-
fully accessed. In this paper, we theoretically and exper-
imentally investigate the plateau in ATI spectrum and a
distinct laser pulse duration dependence of the plateau is
revealed. Analysis shows that this dependence is closely
related to the increasing contribution of the 3rd-return-
recollision trajectories due to the effect of Coulomb field.
For multi-cycle laser field, this contribution becomes even
dominant in the near-cutoff HATI spectrum. Since elec-
tron beams associated with the 1st and 3rd returns show
distinct time evolution characteristic and impact parame-
ter distribution, using the 3rd-return-recollision trajecto-
ries for analysis in LIED will change the imaging results.
In Fig. 1 we present the photoelectron energy spectra
calculated with classical-trajectory Monte Carlo method
(CTMC) (Fig. 1(b)) and numerical solution of time-
dependent Schro¨dinger equation (TDSE) (Fig. 1(c)), and
also the measured spectra (Fig. 1(d)), for Ar atoms ex-
posed to intense laser pulses with different pulse dura-
tions at peak intensity of 1.25 × 1014W/cm2 and center
wavelength of 800 nm. The details of the CTMC method
[23, 30, 31] are presented in the supplementary mate-
rial. The TDSE is solved using the freely available soft-
ware QPROP [32]. In both calculations, the hydrogen-
like Coulomb potential is applied. The linearly polarized
laser field has a sine-square pulse envelope in the form
of E (t) = E0 sin
2 (1.14t/τp) cos (ωt+ ϕ0), where ϕ0 is
the carrier-envelope phase (CEP), τp is the duration of
the pulse. Here the pulse duration is defined as the full
width at half maximum (FWHM) of the intensity. The
measured results are obtained with CEP unlocked, and
correspondingly, in calculation of CTMC each trajectory
is calculated with random CEP, and in TDSE the spectra
are averaged over different CEPs with regular interval of
pi/8.
In our experiment (see supplementary material for de-
tails), the laser beam is introduced into the vacuum
chamber of a homemade time-of-flight (TOF) photoelec-
tron kinetic energy spectrometer [33, 34] with a lim-
ited detection angle of 0.026 sr (opening angle of 5◦) in
the direction of laser polarization. To compare directly
with the measured spectra in Fig. 1(d), only trajectories
with momentum direction in the corresponding range of
θp < 5
◦, where θp is the angle between the final momen-
tum and the laser polarization, are considered to obtain
the CTMC spectra (Fig. 1(b)). For TDSE, in Fig. 1(c)
we present the spectra along the direction of the laser
polarization, i.e. (dw/dEdΩ) |θ=ϕ=0 . The ATI peaks
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FIG. 1: (Color online) (a) Sketch map to illustrate the
multiple-return-recollision trajectories. For a multicycle laser
field, after the electron is ionized through tunneling at ti, it
may come back to collide with the core upon the first re-
turn at tr1 or miss the core and collide with it at tr2, tr3
... (b)-(g) Simulated and measured ATI spectra for Ar atoms
exposed to laser pulses with different durations at peak inten-
sity of 1.25 × 1014W/cm2 and center wavelength of 800 nm.
(b)-(d) show CTMC, TDSE and measured high energy part
of the spectra in the direction of polarization, respectively.
The insets present the entire spectra. (e) and (f) show angle-
integrated spectra calculated by CTMC and TDSE, repec-
tively. (g) shows the angle-integrated spectra calculated with
CTMC by employing the Yukawa potential in the evolution
of electrons, while all other spectra in Fig. 1 are calculated
in hydrogen-like Coulomb potential.
in TDSE spectra are smoothed over by averaging adja-
cent data points to make the variation of the plateau
more visible. All spectra in Fig. 1 are normalized to
themselves by dividing the maximum of the individual
spectrum. The simulated and measured entire spectra
(insets in Figs. 1(b)-(d)) exhibit the well-documented
ATI spectral features, i.e., a rapid decrease within 2Up
followed by a plateau extending to 10Up. If we focus on
the dependence of the plateau on pulse duration, a quali-
tative agreement can be found between simulations (Figs.
1(b), (c)) and measurement (Fig. 1 (d)). The yield of
the plateau first increases quickly when pulse duration
increases from 5 fs to 11 fs, then only increases slightly
until the pulse duration increases to 25 fs [35]. In Figs.
1(e) and (f), we also present the angle-integrated spec-
tra calculated by CTMC and TDSE to show that the
pulse duration dependence is also prominent in the case
of high-acceptance-angle with which LIED measurement
is performed. This is not surprising, because the ma-
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FIG. 2: (Color online) CTMC calculated spectra with angle
integrated for different returns of recollision trajectories for Ar
atoms in laser pulses at peak intensity of 1.25 × 1014W/cm2
and wavelength of 800 nm. (a)-(c) Spectra calculated us-
ing hydrogen-like Coulomb potential for different pulse dura-
tions as indicated in the figures. (d) Spectra calculated using
Yukawa potential for pulse duration of 25 fs.
jority of photoelectrons will move along the polarization
direction in linearly polarized laser field.
In the following we try to understand the pulse dura-
tion dependence of the plateau with CTMC approach by
taking advantage of the transparent intermediate process
that can be explored with this approach. If we employ
the Yukawa potential instead of the Coulomb potential
in the evolution of electrons after leaving the tunnel exit
in CTMC, the spectra become independent of the pulse
duration as shown in Fig. 1(g). The Yukawa potential
is of the form V (r) = − (Z ′/r) exp (−r/a), with param-
eters Z ′ = 4.547 and a = 4 which are chosen to retain
the ground-state energy of Ar by TDSE. Therefore, the
pulse duration dependence of the plateau comes from the
effect of the ionic Coulomb potential.
Next we will show how the Coulomb field affects the
plateau of the ATI spectrum. The pulse duration depen-
dence of the plateau in Fig. 1 indicates that some specific
multiple-return-recollision trajectories contribute signif-
icantly to the plateau. In the CTMC model, the dif-
ferent return recollision trajectories can be distinguished
according to the travel time tt defined as the interval be-
tween the ionization time and the recollision time. For
trajectories with tt in the interval [(n/2)T, ((n+1)/2)T ]
(T is the optical cycle), we denote them as the nth-
return-recollision trajectories [28]. The contributions of
different returns to the spectra in Fig. 1(b) are presented
in Fig. 2(a)-(c). In the case of the shortest duration
of 5 fs (Fig. 2(a)), the 1st-return-recollision trajectories
play a dominant role in the plateau, while the contri-
butions of the multiple-return-recollision trajectories can
be ignored. When the pulse duration increases to 11
fs (Fig. 2(b)), the contributions of the multiple-return-
recollision trajectories increase significantly. The yields
of the 2nd and 3rd returns even exceed that of the 1st
return. Consequently, the 2nd-return-recollision trajec-
tories becomes dominant in the low energy part of the
plateau while the 3rd-return-recollision trajectories dom-
inate the high energy part. When the pulse duration fur-
ther increases to 25 fs (Fig. 2(c)), the contributions of
the multiple returns continue to increase but much more
slightly compared with that from 5 fs to 11 fs. The cut-
offs of multiple-return-recollision trajectories, especially
the 3rd and 4th return trajectories, also increase with
pulse duration, which can be attributed to the variation
of the pulse envelope. Since electrons are mostly prob-
ably ionized around the maximum of the envelope, the
laser field of 5 fs pulse will decrease dramatically when
electrons come back to collide with the ions due to steep
gradient of the pulse envelope. So the energy cutoffs
are much smaller than that in the plane-wave laser field
[36, 37]. When the pulse duration increases, the cutoffs
increase due to the smaller gradient of pulse envelope.
At 25 fs, the cutoff of the 3rd return even becomes equal
to the 1st return.
However, according to SFA, trajectories with longer
travel time will have smaller probability to collide with
the ion due to wave packet spreading. So the multiple-
return-recollision trajectories should have smaller contri-
butions to the plateau, which is induced by backscatter-
ing, than the 1st-return-recollision trajectories. This can
be clearly seen in the results of Yukawa potential in Fig.
2(d), in which the contribution of the 1st return is higher
than that of multiple returns. In addition, the cutoff of
the 3rd return is significantly lower than the 1st return
for Yukawa potential. Therefore, the effect of Coulomb
field increases not only the contribution of the 3rd return
at the high energy part of the plateau but also the en-
ergy cutoff. This is the reason why the plateau exhibits
distinct dependence on the pulse duration in Fig. 1.
The dominant contribution of the 3rd return to the
spectrum near the cutoff as well as the increase of the
cutoff energy can be attributed to modification of the
incident (return) electron beam before recollision in the
ionic Coulomb potential. The electron beam can be char-
acterized by the temporal evolution of the beam (travel
time tt), the beam energy (recollision energy Er) and the
beam diameter (impact parameter s) as schematically il-
lustrated in Fig. 3(a). In Fig. 3(c)-(d) we present the
CTMC calculated 2D distributions of Er and travel time
tt for Coulomb potential and Yukawa potential, respec-
tively, at pulse duration of 25 fs. The four peaks in each
plot correspond directly to the four returns, respectively.
The distributions in Figs. 3(c) and (d) are similar except
for some details. First, the relative contributions of mul-
tiple returns to the 1st return are much smaller in the
case of Yukawa potential. Second, in Fig. 3(c) there is a
peak on the top of the 3rd return (indicated by dashed
line box), while it is absent in the distribution of Yukawa
potential in Fig. 3(d). With this peak the recollision en-
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FIG. 3: (Color online) (a) Illustration of the recollision en-
ergy Er and the impact parameter s. (b) Typical 2nd- and
3rd-return-recollision trajectories contributing to the high en-
ergy part of the plateau in ATI spectrum. See text for details.
(c), (d) 2D distributions of recollision energy Er and travel
time tt for Coulomb potential and Yukawa potential, respec-
tively. The travel time tt is defined as the interval between
the ionization time and the recollision time. See text for the
white dashed line box in (c). (e), (f) 2D distributions of rec-
ollision energy Er and impact parameter s for the 1st- and
3rd-return-recollision trajectories, respectively. The distribu-
tions are normalized by dividing the maximum of the 3rd
return. The laser parameters are 1.25× 1014W/cm2, 800 nm,
and 25 fs.
ergy cutoff of the 3rd return even extends to a value very
close to the 1st return as shown in Fig. 3(c). This causes
the final energy cutoff of the 3rd return to be identical to
the 1st return as shown in Fig. 2(c). After making anal-
ysis on the trajectories contributing to the peak on the
top of the 3rd return, we find that more than 99% of the
trajectories always move on one side of the z = 0 plane
(laser field is polarized along z axis) before recollision.
The typical 3rd return trajectory is shown in Fig. 3(b).
For such a trajectory, the Coulomb force on the electron
is always in the same direction as the momentum before
recollision, which results in an increase of the momentum
at recollision. While for the 2nd return and 4th return
trajectories, the electrons leave the tunnel exit on one
side of the ions but will return to the ions from the other
side, so they have to cross the z = 0 plane to scatter
hardly with the ions to produce high energy electrons.
As a result, the Coulomb force will reverse its direction
correspondingly, thus the net effect of Coulomb field is
negligible. The typical 2nd-return-recollision trajectory
is also shown in Fig. 3(b). After making statistics on
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FIG. 4: (Color online) CTMC calculated results for hydrogen-
like Ar atoms in laser pulses at peak intensity of 1.25 ×
1014W/cm2, wavelength of 3100nm and pulse duration of 100
fs. (a) ATI spectra with angle integrated. (b) 2D distribu-
tion of recollision energy Er and travel time tt. (c), (d) 2D
distributions of recollision energy Er and impact parameter
s for the 1st and 3rd returns, respectively. The distributions
are normalized by dividing the maximum of the 3rd return.
trajectories contributing to the high energy part of the
plateau (E > 5Up) in Fig. 2(c), we find that almost
100% of the 2nd- and 4th-return-recollision trajectories
cross the z = 0 plane before recollision, while the pro-
portion for the 3rd return is only 50%.
In Figs. 3(e) and 3(f) we plot the 2D distribution for
the recollision energy Er and the impact parameter s for
the 1st and the 3rd return, respectively (see supplemen-
tary material for details of calculating s). The distribu-
tions are normalized to the maximum of the 3rd return
to underline the relative contribution between the two re-
turns. The distribution of the 1st return is more concen-
trated in the high energy region near the maximal return
energy but distributes rather uniformly in the impact pa-
rameter direction. In contrast, the distribution of the 3rd
return is rather uniform in the energy axis but concen-
trates in the small impact parameter regime. Therefore,
the 3rd-return-recollision trajectories are more likely to
experience backscattering to produce high energy elec-
trons, and hence its contribution will dominate the ATI
spectrum near the cutoff, although the integrated yield
of the 1st return in the high recollision energy regime
in Fig. 3(c) is considerably larger than that of the 3rd
return.
It is noteworthy that laser fields with various wave-
lengths from infrared to mid-infrared are applied in
the LIED scheme to extract time-resolved dynamics of
molecules [7–12]. In order to give a more complete assess-
ment of the Coulomb effect in the LIED approach, in Fig.
4 we present the CTMC simulated results for Ar at wave-
length of 3100 nm and intensity of 1.25 × 1014W/cm2,
5which is another kind of typical laser pulse applied in
LIED [12]. Overall, the distributions at 3100 nm in Fig.
4 are similar to the results at 800 nm. As shown in Fig.
4(a), the 3rd-return-recollision trajectories dominate the
high energy part of the ATI spectrum. In Figs. 4(c)
and (d), similar to the case of 800 nm, the 2D distribu-
tion of s and Er for the 1st return distributes uniformly
in the impact parameter direction, while the distribu-
tion for the 3rd return concentrates in the small impact
parameter regime. However, upon a careful inspection,
there are some differences between the 800 nm and 3100
nm cases. First, the peak on the top of the 3rd return in
Fig. 3(c) disappears in Fig. 4(b). This causes the ATI
spectrum cutoff of the 3rd return obviously smaller than
the 1st return. As a consequence, a two-step, i.e., two-
cutoff structure arises on the spectrum in Fig. 4(a). It
should be noted that this two-cutoff structure may not be
observed in experiment for two reasons. (i) The signal of
the second cutoff is too low for experimental observation;
(ii) The realistic cutoff in a quantum system would not be
as sharp as in the classical simulations, which makes the
two cutoffs hard to be distinguished. Second, the differ-
ence between contributions from the 1st return and the
3rd return to the spectrum at 3100 nm is much greater
than that at 800 nm, which can be clearly seen by com-
paring Fig. 4(a) with Fig. 2(c). These differences can be
attributed to the weaker effect of Coulomb field at 3100
nm. When wavelength increases, the quiver distance in-
creases quickly but the effective radius of the Coulomb
field keeps unchanged, thus the piece of the trajectory
affected by the Coulomb field decreases. In addition, the
electron momentum also increases and becomes harder to
be disturbed by the Coulomb field. Since the peak on the
top of the 3rd return in Fig. 3(c) is induced by Coulomb
field effect, its absence at 3100 nm is not surprising. The
difference of relative contributions between the 1st and
3rd returns can be interpreted with the help of the so-
called defocusing effect [38, 39], namely, stronger focusing
leads to stronger deflection of the electron at the 1st re-
turn, which causes the electron hard to come back to the
core at the subsequent returns. Since the Coulomb focus-
ing effect is more prominent for 800 nm, the contribution
of the 3rd return is suppressed due to the accompanying
enhanced defocusing effect.
Based on the above, we believe that the 3rd-return-
recollision trajectories, instead of the 1st ones, should be
used for analysis in the LIED scheme. In this case, the
imaging results will be affected since the travel time for
the 3rd-return-recollision trajectories is about one opti-
cal cycle longer than that of the 1st return. Then the
extracted result is actually the molecular structure at
the time about 7/4 T instead of 3/4 T after ionization,
which is crucial if LIED is applied to investigate the time
evolution of the molecular structure after ionization.
In conclusion, we perform a joint investigation on
the dependence of ATI spectrum on the pulse duration
theoretically and experimentally. The results indicate
that the 3rd-return-recollision trajectories dominate the
high energy part of the ATI spectrum due to the ionic
Coulomb field effect, which invalidates the key assump-
tion of SFA applied in LIED. The incident (return) elec-
tron beams associated with different returns show dis-
tinct characteristics in the presence of the Coulomb field.
Compared with the 1st return, the 3rd return generates
an electron beam with a much smaller diameter and a
much higher intensity, thus providing more high energy
photoelectrons. Moreover, it is found that the Coulomb
field will also increase the cutoff energy of the 3rd-return-
recollision trajectories, although this effect will become
weaker with increasing wavelength. The above Coulomb
effect will change the results extracted from the LIED
approach and should be taken into account in current
imaging schemes based on recollision physics.
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